Abstract-Our previous studies have shown that the decreased NO and increased glutamatergic mechanisms on sympathetic regulation within the paraventricular nucleus (PVN) may contribute to the elevated sympathoexcitation during chronic heart failure (CHF). In the present study, we investigated the effects of neuronal NO synthase (nNOS) gene transfer on N-methyl-D-aspartic acid receptor subunit NR 1 in the rats with a coronary ligation model of CHF. Adenovirus vectors encoding nNOS (AdnNOS) or adenovirus vectors encoding ␤-galactosidase were transfected into the PVN in vivo. Five days after application of AdnNOS, the increased expression of nNOS within the PVN was confirmed by NADPH-diaphorase staining, real-time PCR, and Western blot. In anesthetized rats, AdnNOS treatment significantly enhanced the blunted renal sympathetic nerve activity, blood pressure, and heart rate responses to NO synthase inhibitor N G -monomethyl-L-arginine in the rats with CHF compared with CHF-adenovirus vectors encoding ␤-galactosidase group. AdnNOS significantly decreased the enhanced renal sympathetic nerve activity, blood pressure, and heart rate responses to N-methyl-D-aspartic acid in the rats with CHF (renal sympathetic nerve activity: 44Ϯ2% versus 79Ϯ6%; PϽ0.05) compared with CHF-adenovirus vectors encoding the ␤-galactosidase group. AdnNOS transfection significantly reduced the increased NR 1 receptor mRNA expression (⌬35Ϯ5%) and protein levels (⌬24Ϯ4%) within the PVN in CHF rats. Furthermore, in neuronal NG-108 cells, NR 1 receptor protein expression decreased in a dose-dependent manner after AdnNOS transfection. According to our results, nNOS downregulation enhances glutamate transmission in the PVN by increasing NR 1 subunit expression. This mechanism may enhance renal sympathetic nerve activity in CHF rats. (Hypertension. 2011;58:00-00.) • Online Data Supplement
I
ncreased sympathetic nerve activity is a characteristic symptom of chronic heart failure (CHF). [1] [2] [3] The elevated sympathetic activity induces vasoconstriction and an increase in peripheral resistance that increases cardiac afterload. In addition, peripheral vasoconstriction and sodium and water retention lead to increased cardiac preload. All of these aggravate the morbidity and raise the mortality in the CHF. Peripheral adrenergic blockade cannot completely eliminate the state of sympathoexcitation. Recent studies have suggested that altered central mechanism(s) may be responsible for these impaired reflex regulations and may contribute to the elevated neurohumoral drive in CHF. [2] [3] [4] The paraventricular nucleus (PVN) of the hypothalamus is an important central site for the integration of sympathetic nerve activity. 5 Using retrograde tracing techniques, the studies have shown that the PVN is a major source of forebrain input to the sympathetic nervous system. 6, 7 In the PVN, a number of neurotransmitters, excitatory and inhibitory, converge to influence its neuronal activity. 5, 8 Among them are NO and glutamate. Previously we have shown that the increased activity of PVN neurons associated with CHF is attributed to an increase in glutamatergic mechanism and a decrease in NO mechanism within the PVN. 9, 10 The interaction of NO and the glutamate receptor is important for neuronal development and function. 11, 12 The NO system acts as a negative feedback system for the excitatory glutamatergic system. 13 Glutamate through N-methyl-D-aspartic acid (NMDA) receptors activates NO synthase (NOS) in neurons and induces an increase in NO production. 12, 14 On the other hand, NO elicits a regulatory effect on glutamate receptor activity. 15, 16 In the PVN, NO and glutamate interact to regulate neuronal function. 11, 17 NO inhibits NMDA-mediated increases in the renal sympathetic nerve activity (RSNA) within the PVN. This indicates a short loop inhibition by NO of excitation by NMDA receptor activation to increase RSNA within the PVN. 13 This may be an important interaction in dictating sympathetic outflow in CHF known to have altered NOS and glutamate activity in the PVN with a concomitant increase in basal sympathetic tone.
The purpose of the present study was to test the effect of the interaction between NO and the NMDA-glutamate receptor in the PVN on the subsequent regulation of sympathetic nerve activity and cardiovascular responses in CHF. We hypothesize that restoration of neuronal NOS (nNOS) with adenoviral gene transfer ameliorates the NMDA receptor and subsequently the excitatory mechanisms within the PVN. This approach has the potential to elucidate the mechanism(s) responsible for the increased neurohumoral drive in the CHF state. CHF was produced by left coronary artery ligation, as described previously. 18 Echocardiograms were performed after 6 to 7 weeks of ligation surgery. Rats with elevated left ventricular end-diastolic pressure (Ͼ15 mm Hg), infarct size Ͼ30% of total left ventricle wall, significant reductions in dp/dtmax, and ejection fraction (Ͼ40%) were considered to be in CHF.
Methods Animals

Adenovirus Transfection in the PVN
Seven to 8 weeks after cardiac surgery, each rat was anesthetized. A 200-nL solution (1ϫ10 8 pfu/mL) of AdnNOS or Ad␤Gal was injected into the PVN. With a concentration of 1ϫ10 8 pfu/mL, no damage to the neurons within the PVN was observed from light microscopic evaluation. These adenovirus vectors were generously provided by Channon and colleagues at Oxford. 19, 20 General Surgery for Hemodynamic, RSNA Measurement, and Microinjection Five days after viral injection, the rat was anesthetized with urethane (750 mg/kg, IP) and ␣-chloralose (70 mg/kg, IP) and instrumented for recording arterial pressure (AP) and heart rate (HR), as described previously. 18 The changes in integration of the nerve discharge during the experiment were expressed as a percentage from basal value. An NOS inhibitor N G -monomethyl-L-arginine or NMDA was injected into the PVN in 3 doses (50, 100, and 200 pmol in 100 nL) in random order. The responses in RSNA, mean AP (MAP), and HR over 30 minutes were recorded.
NADPH-Diaphorase Activity as a Marker of NOS Activity
The rat was perfused with heparinized saline followed by 4% paraformaldehyde. The brain sections in nitroblue tetrazolium solution were then placed in an oven at 37°C for 1 hour. The presence of NADPH-diaphorase in the PVN was examined under a microscope. The density of the staining was evaluated by counting the number of cells that were positively stained for NADPH-diaphorase.
Micropunch of the PVN
In the other 4 groups of rats (sham-Ad␤Gal, CHF-Ad␤Gal, shamAdnNOS, and CHF-AdnNOS), after the rats were euthanized, the brains were removed and frozen at Ϫ80°C. The PVN were punched bilaterally with a blunt needle (ID: 0.5 mm). The punched tissue was put in TRI reagent (Molecular Research Center Inc) or protein extraction buffer.
Real-Time RT-PCR for the Measurement of nNOS and NR 1 Receptor mRNA
Total RNA extracted from the punched tissue was subjected to reverse transcription. The cDNA was amplified by real-time quantitative RT-PCR with the BioRad iCycler IQ system (Biorad Laboratories). Relative mRNA expression of nNOS or NR 1 receptor was calculated using the Pfaffl equation which relates expression of the target gene to expression of a reference gene (ribosomal protein L 19, rpl19).
Western Blot Assay of nNOS and NR 1 Receptor Protein
The punched tissues were incubated with protein lysis buffer. Then the fractionized proteins on the gel were electrophoretically transferred onto the polyvinylidene fluoride membrane. The membrane was probed with primary nNOS and NR 1 receptor antibodies. The signals were visualized using an enhanced chemiluminescence substrate (Pierce) and detected by digital image system (UVP BioImaging). The expression of nNOS or NR 1 receptor protein was calculated as the ratio of intensity of the nNOS or NR 1 receptor band relative to the intensity of GAPDH band.
Cell Culture
The NG108-15 (neuroblastomaϫglioma) hybrid cells were grown in DMEM. The cells were then treated with AdnNOS, in a dosedependent manner (10 4 to 10 8 pfu/mL) for 24 hours. Lysates (30 -40 g) were processed to measure nNOS and NR 1 receptor protein by Western blot.
Immunofluorescent Staining of NG108 Cells
Adherent NG108 cells were fixed and incubated with primary nNOS and NR 1 receptor. Secondary antibody consisted of Cy2-conjugated donkey antimouse IgG, and Cy3-conjugated antigoat was used. Labeled cells were visualized by Olympus fluorescence microscope equipped with digital camera.
Statistical Analysis
Data are presented as meanϮSE. Differences between groups were determined by a 2-way ANOVA followed by the Newman-Keuls test for post hoc analysis of significance (Statview II, Abacus Inc, Berkeley, CA). PϽ0.05 was considered statistically significant.
An expanded Methods section is available in the online Data Supplement at http://hyper.ahajournals.org. Table S1 (available in the online Data Supplement) summarizes the salient morphological and hemodynamic characteristics of rats used in the present study. Any rats subjected to coronary artery ligation that displayed myocardial infarcts Ͻ30% of the left ventricular wall were excluded from the study (5 of 40 rats with coronary artery ligation surgery). The infarction area in CHF group was Ϸ40% of the endocardial surface. Sham rats had no observable damage to the myocardium. Heart weight was significantly greater in CHF rats than in sham rats. Left ventricular end-diastolic pressure was significantly elevated in CHF rats compared with sham rats. AdnNOS injections did not change the left ventricular enddiastolic pressure and infracted size in both sham and CHF groups.
Results
General Data
Basal MAP, HR and RSNA are also presented in Table S1 . Although the level of raw RSNA in rats with CHF trends to be higher than in sham-operated rats, it did not reach statistical significance. Because an increase in RSNA and norepinephrine is present in conscious rats with CHF, 21, 22 it would seem possible that the anesthetics may affect the expression of the increase in RSNA. Also, it is not strict to reliably compare multifiber sympathetic nerve activity recordings between groups of rats because of differences in numbers of the fibers on the electrode and damage to the fibers being recorded. There were no statistically significant differences in basal MAP or HR between the sham and CHF groups. AdnNOS injections did not change the basal MAP, HR, and RSNA in both sham and CHF groups.
Adenoviral Gene Transfer of nNOS Within the PVN
We evaluated the efficacy of AdnNOS gene transfer in the PVN by comparing the NADPH-diaphorase staining of the PVN. An example of the differences in staining of the infected versus uninfected PVN is shown in Figure 1A . There was a significant increase in the number of diaphorase-positive cells in the AdnNOS-infected PVN compared with the contralateral uninfected PVN in sham (increased 53%) and CHF (increased 136%) groups (PϽ0.05). Ad␤Gal-injected groups demonstrated no significantly increased diaphorase-labeled cells in the injected side of the PVN in both the sham and CHF groups ( Figure 1B) .
We also evaluated the efficacy of AdnNOS gene transfer in the PVN by comparing nNOS mRNA and protein levels of the PVN. There was a significant increase in the mRNA ( Figure 2A Figure  4B ). In the sham-AdnNOS group, AdnNOS injection also decreased RSNA significantly. However, there were no significant changes of MAP and HR in the sham group after viral transfer. Ad␤Gal demonstrated no significant effects on the response of RSNA, MAP, and HR to the NMDA in both the sham and CHF groups (Figure 4 ).
Measurements of NR 1 Receptor Expression in the PVN
Result of real-time RT-PCR experiments indicated that NR 1 receptor mRNA expression in the punched PVN tissues from the CHF rats was significantly increased compared with sham rats ( Figure 5A ). However, in the CHF-AdnNOS group, relative NR 1 receptor expression was significantly lower than CHF-Ad␤Gal and not different from the sham-Ad␤Gal or sham-AdnNOS groups. Consistent with these results, Western blot showed that NR 1 receptor protein levels were also significantly higher in CHF rats compared with sham rats ( Figure 5B ). In the CHF-AdnNOS group, relative NR 1 receptor expression was significantly lower than CHFAd␤Gal and not different from the sham-Ad␤Gal or shamAdnNOS groups. Sample gels showing NR 1 receptor and GADPH protein in the 4 experimental groups are presented in Figure 5B .
nNOS and NR 1 Receptor Expression in NG108 Cell Line
To determine the effects of overexpression of nNOS on the regulation of NR 1 receptor expression in vitro, the neuronal NG108 cells were treated with AdnNOS or Ad␤Gal. The changes in nNOS and NR 1 receptor protein expression were analyzed by Western blot after 24 hours of viral transfection ( Figure 6A ). NR 1 receptor protein expression was downregulated significantly even at the lower concentrations of AdnNOS compared with the control (without virus). The highest dose showed an Ϸ50% decrease in NR 1 receptor protein expression compared with the control dose.
Using immunofluorescent staining, nNOS and NR 1 receptor interaction and their subcellular localization were studied in the NG108 cells ( Figure 6B ). The intensity of nNOS staining was increased, whereas NR 1 receptor staining was decreased with AdnNOS treatment. The AdnNOS-treated cell shows more nNOS and NR 1 receptor colocalization in the cytoplasm as compared with the control (Ad␤Gal-treated cells).
Discussion
In the present study, we observed that, in rats with CHF, AdnNOS normalizes the potentiated increase in RSNA, AP, and HR in response to microinjection of NMDA into the PVN, accompanied by downregulated NR 1 receptor message and protein in the PVN. The results indicate that the effects of endogenous nNOS on the glutamatergic mechanism within the PVN may play an important role in the altered balance and tone of sympathetic outflow in the CHF condition.
The AdnNOS and Ad␤Gal used in the present study were constructed in Dr Channon's laboratory at Oxford. 19, 20 Their findings demonstrate AdnNOS to be a versatile and efficient tool for nNOS gene transfer in vascular cells and gene therapy. 19, 20 They also demonstrated that upregulation of nNOS via gene transfer provided a novel method for increasing cardiac vagal function. 23 We have demonstrated the efficacy of adenoviral gene transfer of nNOS into cells of the PVN of rats 24, 25 by using the same AdnNOS. It should be noted that this viral upregulation of nNOS is not specifically targeted to just preautonomic neurons in the PVN. As a consequence, this upregulation occurs in other neuronal types, as well as in the glia and vascular cells in the PVN. Because we were examining the effects on RSNA, we are attributing the changes to effects on the preautonomic neurons in the PVN. AdnNOS infects cells in the PVN and leads to a functional effect on RSNA mediated by the PVN. The results provide a novel approach to restore neuronal levels of NOS, thus providing a potentially important candidate gene for cardiovascular gene therapy in disease states, such as CHF and hypertension, lacking central nNOS.
The PVN is one of the major central nervous sites that directly controls sympathetic outflow. 5 CHF is characterized by elevated systemic sympathetic activity and salt and water retention, 26 and both involve the function of the PVN. We have found significantly increased hexokinase activity, an index of neuronal activity, in the parvocellular PVN and magnocellular PVN of rats with CHF compared with the control rat. 27 A study has confirmed this finding in the same model, using Fos related-antigen-like activity at 2 and 4 weeks after coronary occlusion. 28 This has also been confirmed more recently by Zhang et al 29 increased firing of neurons within the PVN in rats with myocardial infarction.
Inhibitory mechanism of sympathetic regulation within the PVN via NO 30 was reduced, whereas the excitatory mechanism-regulated NMDA NR 1 receptor was enhanced 9 in CHF rats. These alterations may induce an imbalance of the inhibitory and excitatory mechanisms in this area and influence sympathetic outflow. We have shown that there is an interaction between the glutamatergic system and the NO system within the PVN. 13 It appears that the NO system acts as a negative feedback system for the excitatory glutamatergic system. Because both the NO and NMDA systems are altered in CHF, it remains to be examined whether the link between the glutamatergic system and the NO system is altered in CHF leading to sympathoexcitation.
In the present study, AdnNOS significantly decreased the enhanced RSNA, BP, and HR responses to NMDA in the rats with CHF. These observations support the contention that an overexpression of nNOS within the PVN may be responsible for the increased suppression of sympathetic outflow. The endogenous NO-mediated effect in the PVN of AdnNOStreated rats is more effective in suppressing RSNA compared with Ad␤Gal-treated rats. Meanwhile, we also found that overexpression of nNOS into the PVN suppressed the sympathetic activity response to NMDA in sham rats but less than in CHF rats. The explanation for this is that AdnNOS transfer is more effective on sympathoinhibition in rats with CHF lacking central nNOS. Overexpression of NOS in the central nervous system attenuated sympathoexcitation in the CHF state. Using the CHF mice model, Sakai et al 31 transferred adenoviral vectors encoding either endothelial NOS or Ad␤Gal into the nucleus tractus solitarius to examine the effect of increased NO production in the nucleus tractus solitarius on the enhanced sympathetic drive in CHF. After the gene transfer, they found that urinary norepinephrine excretion was reduced in adenoviral vectors encoding endothelial NOS-transfected CHF mice, and overexpression of eNOS in the nucleus tractus solitarius attenuates the enhanced sympathetic drive in this model.
NMDA NR 1 receptor mRNA expression and protein level in the PVN are significantly increased in CHF, 9 which may contribute to the elevated sympathoexcitation during CHF. In the CHF state, many central and peripheral humoral factors are significantly altered. The upregulation of NMDA receptor and the subsequent increase in glutamate activity within the PVN may be part of the compensatory responses. NO has been recognized as a factor eliciting a wide-range regulation of gene expression. 32 We have shown that the numbers of NOS-positive cells in the PVN were decreased in rats with CHF. 30 In the present study, we found that NO may elicit an inhibitory action on the NMDA NR 1 receptor to produce an inhibition of sympathetic nerve activity in CHF states. In an isolated cell culture system, incubation of AdnNOS with NG108 cells, which have been known to have both nNOS and NR 1 receptors, 33, 34 causes a dose-dependent decrease in the expression of the NR 1 receptor protein. These data are consistent with the idea that increased nNOS in rats with CHF may have caused the decrease in NR 1 receptor protein expression within the PVN of rats with CHF.
Bains et al, 11, 35 using whole cell recording from the hypothalamic slice preparation in rats, observed that application of NO increased NMDA-induced inhibitory postsynaptic potentials. Conversely, blocking NO with N G -nitro-L-arginine methyl ester elicited more pronounced NMDA-induced depolarization but no accompanying increase in inhibitory postsynaptic potentials. These results provide evidence suggesting that there is a negative feedback mechanism between the NO and glutamate systems within the PVN. Our results suggest that there is an ongoing endogenous inhibitory NO mechanism that opposes the excitatory NMDA mechanism in the PVN. With regard to the effect of NO on NMDA receptors, some recent studies 15 have shown that, as a radical molecule, NO and its derivative can redox glutamate-NMDA receptors and reduce the activity of the receptors, which are believed to be one of mechanisms of modulation of NO on the nervous system. The chemical reactions of NO are largely dictated by its redox state. Recent data suggest that NO can react with critical sulfhydryl group(s) of the NMDA receptor to downregulate its activity. 36 Although there is no direct evidence showing a neuronal intracellular signaling pathway in affecting expression of NMDA NR 1 receptors by NO, NO signaling in a cGMPdependent pathway or through nitrosative conformational changes regulates various transcription factors, such as cAMP response element binding protein, c-fos, c-jun, and zincfinger transcription factors, such as Ets-related gene-1 and nuclear factor B. 37 Active AP1, SP1, nuclear factor B, Etsrelated gene-1, and phosphorylated cAMP response element binding protein binding sites were identified in the NR 1 promoter by computer analysis and DNA-protein binding assay. 38 A role for these transcription factors downstream of protein kinase G in the regulation of NO-mediated NR 1 expression remains to be determined.
Perspectives
We have demonstrated that induction of nNOS within the PVN of rats with CHF not only ameliorates NO-mediated inhibition via the PVN in CHF but also improves glutamatemediated sympathoexcitation that is observed in rats with CHF. The ability of AdnNOS to cause an increase in nNOS within the PVN appears to be primarily responsible for the downregulation of NR 1 receptors and consequent attenuation of enhanced responses to glutamatergic tone. The findings underscore the importance of targeting nNOS within the central sites, such as the PVN, to attenuate the sympathoexcitation and subsequent cardiovascular risk in conditions with enhanced sympathoexcitation, such as CHF and hypertension.
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